Over the last few decades, concepts regarding the presence of hormonal and molecular responses to stress during the first postnatal weeks in the rat and the role of the neuropeptide corticotropin releasing hormone (CRH) in these processes, have been evolving. CRH has been shown to contribute critically to molecular and neuroendocrine responses to stress during development. In turn the expression of this neuropeptide in both hypothalamus and amygdala is differentially modulated by single and recurrent stress, and is determined also by the type of stress (eg, psychological or physiological). A likely transcriptional regulatory factor for modulating CRH gene expression, the cAMP responsive element binding protein CREB, is phosphorylated (activated) in the developing hypothalamus within seconds of stress onset, preceding the transcription of the CRH gene and initiating the activation of stress-induced cellular and neuroendocrine cascades. Finally, early life stress may permanently modify the hypothalamic pituitary adrenal axis and the response to further stressful stimuli, and recent data suggest that CRH may play an integral role in the mechanisms of these long-term changes. Molecular Psychiatry (2001) 6, 647-656.
Introduction
Stress early in life can result in profound permanent changes to both peripheral and central stress circuits, which, in the human, can manifest in cognitive and behavioral disorders later in life. [1] [2] [3] [4] However, the mechanisms underlying these long-term effects of early life stress remain unclear. In order to gain insight into the full impact of early-life stress on the developing central nervous system, understanding of the basic processes activated by a stressful stimulus, ie, the hormonal, molecular and behavioral stress responses, is required. 5 The developmental period between the third and fifteenth postnatal days has been characterized by attenuated hormonal responses and altered gene regulation in response to stress as compared to the adult situation. [6] [7] [8] [9] [10] This stress hyporesponsiveness during development appears to be stressor-specific, since the hypothalamic pituitary adrenal (HPA) axis is fully capable of responding to stimuli that may be considered stressful to a neonatal rat (eg, cold or saline injection). 8, 11, 12 This review focuses on studies highlighting the molecular chain of events triggered by stressful signals early in life, with an emphasis on the role of CRH, the key central nervous system transducer of stressful stimuli. 15 Regulation of CRH gene expression during development in response to various stress paradigms, as well as possible factors modulating this regulation, will be described. In addition to the acute molecular and hormonal responses to stress, the long-term effects of stress on the developing nervous system and the role of CRH in mediating these changes in stress circuitry will be discussed.
Neuronal circuitry and CRH-mediated transduction of the responses to stress in the adult and immature brain
The neuroendocrine hypothalamic-pituitary adrenal axis The neuronal networks comprising the stress response in developing and mature rodents and primates include several major circuits. The first is the neuroendocrine circuit, the HPA axis ( Figure 1a ). It has been well established that stress-induced activation of this circuit is dependent on secretion of the hypothalamic hormone CRH. 8, 15 Within seconds of exposure to stress, CRH, located in peptidergic neurons in the hypothalamic paraventricular nucleus (PVN), is secreted from nerve terminals to influence rapid secretion of adrenocorticotrophic hormone (ACTH) from the corticotrophs of the anterior pituitary. Subsequent to its secretion, ACTH travels through the bloodstream and acts on the adrenal glands to release glucocorticoids. In the immature rat, this stress-induced elevation of glucocorti-coids can be blocked with CRH antisera, further substantiating the role of CRH in mediating this hormonal response. 8 During development, proper function of both the activation and the 'shut-off' mechanisms of this HPA loop is critical, to permit handling of acute stress, but also to allow normal growth and maturational processes which may be adversely influenced by high levels of glucocorticoids. 1, 6 Indeed, functional regulation of the HPA loop and the responses to stress is provided in the immature rat by a number of acute or chronic sensory inputs, particularly those related to maternally-derived cues. These influence the nature and magnitude of the neuroendocrine response to stress both acutely and throughout the entire life of the individual. 1, 2, 16, 17 In view of the above, it is not surprising that CRH expression in this HPA circuit is under stringent regulation via multiple feedback loops (Figure 1a ). For example, following stress-induced CRH secretion, a 'compensatory' increase in CRH mRNA expression in PVN has been observed in the mature 18 as well as the developing rat starting on the second week of life. 8 Evidence suggests that glucocorticoids suppress this compensatory enhancement of CRH mRNA expression in PVN, to shut down the stress response and return the individual to homeostasis. [19] [20] [21] The mechanism of this glucocorticoid-induced down-regulation of CRH levels primarily involves activation of glucocorticoid receptors in PVN itself in both mature 20 and immature rat. 21 In addition, glucocorticoids can bind their cognate receptors in hippocampus to activate indirect pathways leading to suppression of hypothalamic CRH mRNA expression.
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The limbic neuroendocrine and behavioral circuit A second major stress-transducing circuit consists of limbic pathways that are more sensitive to stressors involving higher-order sensory processing ( Figure  1b) . [25] [26] [27] These pathways are preferentially activated by stimuli that require assembly and processing of signals from multiple modalities (as opposed to stressors that are an immediate physiological threat). Substantial 28, 30 However, the precise nature of the effector neurotransmitters/neuromodulators involved in the limbic stress circuit is still not fully understood. Here, too, CRH is a likely contributor to the activation of these pathways in response to stress. 31 Indeed, CRHexpressing neurons and CRH receptors are found in select amygdala nuclei, other limbic relay centers, and all hippocampal fields. [32] [33] [34] [35] [36] [37] [38] [39] Furthermore, administration of receptor-blockers of CRH into the key regions in this limbic circuit, such as ACe 40 blocks stressinduced responses. In addition, CRH-containing cells constitute a significant neuronal population in ACe, and send efferent projections to the bed nucleus of the stria terminalis, which then projects to CRH-expressing cells in PVN. 34 Thus, CRH-expressing pathways originating in ACe may be responsible for mediating facilitatory stress-related input to the hypothalamus, resulting in CRH release from PVN and activation of the HPA axis. 41 As in hypothalamus, stress can modulate CRH expression in ACe of mature and developing rat. Interestingly, certain early life stresses can also modulate CRH expression in hippocampus, 27 suggesting involvement of this region in the limbic-neuroendocrine stress circuit of the immature organism (see below).
Brainstem pathways convey physiological stressful signals to effector regions
Physiological stressful stimuli such as dehydration, hypothermia and pain are initially received and processed through brainstem circuits ( Figure 1c ; see Watts for a review 42 ). The nucleus of the solitary tract (NTS) in the medulla is a key component of these circuits.
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Diverse types of somatosensory, humoral, and metabolic information are detected peripherally and conveyed to NTS, which can then evoke an autonomic response in addition to relaying information through a number of pathways to the hypothalamus and/or telencephalic structures including the bed nucleus of the stria terminalis, amygdala and hippocampus. The neurotransmitters involved in these brainstem pathways include particularly norepinephrine and serotonin. [43] [44] [45] Recent studies utilizing the age-specific stress paradigm of maternal separation have yielded important evidence supporting the role of CRH, acting via the CRF 2 receptor, in transducing and integrating somatosensory, gustatory, and visceral signals received in brainstem nuclei, such as the NTS and Barrington's nucleus, with the neuroendocrine stress response (Figure 1c) . 46 CRH is highly expressed in neurons residing in Barrington's nucleus, 47 as well as in ACe. The CRF 2 receptor is expressed in target neurons of these CRH-expressing cells, such as neurons located in the thalamic paraventricular nucleus (PVT), receiving efferents from Barrington's nucleus, as well as in amygdaloid and hypothalamic nuclei which are targets of ACe cells (Figure 1c ). Thus, a neurochemical circuit utilizing CRH (or a similar ligand) as a neurotransmitter which acts on CRF 2 to activate postsynaptic cellular processes can be defined. This circuit conveys stress-related somatovisceral signals to the medial-(MEA) and basomedial-(BMA) amygdala nuclei which are then relayed to 'defensive' medial hypothalamic centers 48 and to ACe for further integration. ACe, the central integrator for autonomic regulation, also receives visceral input from the NTS via the CRH-containing parabrachial nucleus 32, 49 and modulates central components of the HPA axis (see above), further influenced by input from PVT. 50 Thus, this proposed circuit provides a basis for propagating physiological stressrelated information from brainstem low-level integrators to limbic and hypothalamic centers.
Regulation of stress-related information in this circuit may conceivably be achieved by modulation of either ligand levels (ie, via regulation of CRH expression or secretion), or by alteration of receptor abundance. Indeed, at least during development, 46 absence of specific elements of maternal sensory input leads to selective down-regulation of the robust expression of CRF 2 receptors in certain amygdala nuclei, such as BMA (but not in MEA), as well as in ventromedial nucleus of the hypothalamus (VMH) 46, [51] [52] [53] which is reciprocally connected to these regions. 46 This is particularly interesting because, as noted above, maternal deprivation has resulted in variable effects on the expression of CRH itself in the hypothalamus (see Table 1 ).
Differential effects of single and recurrent stress on hypothalamic and amygdala CRH expression in the developing rat
The response to stress in both developing and adult brain involves complex processes that provide a basis for reacting quickly to environmental challenges that pose immediate physiological threats, while permitting adaptation to non-threatening environmental changes that are part of daily experience. Thus, stress circuitry has evolved unique mechanisms for managing diverse types of acute and chronic stressors. In the developing animal, the HPA axis is selectively activated by specific acute stressors. 16, 54 In contrast, in the adult, acute stress activates neuroendocrine responses almost universally, and selectivity in the regulation of hypothalamic CRH expression is mostly noted during repeated and chronic stress. 55 Thus, in the mature rat, repeated variable-or immobilization-stress has been shown to increase CRH mRNA expression in PVN, [55] [56] [57] whereas chronic inflammatory stress has been shown to decrease CRH mRNA levels in this nucleus. 58 A potential basis for the varying effects of specific recurrent or chronic stressors on CRH synthesis may derive from the qualitative differences of each stressor (eg, physical and psychological components). 59 In the immature rat, the effect of a single acute stress on CRH mRNA expression in PVN differs from that of recurrent stress. For example, cold, a potent stressor to the neonatal rat that is considered to comprise both physiological and psychological elements, enhances PVN CRH mRNA levels within 4 h (Figure 2) , 8, 26 consistent with 'compensatory' upregulation of CRH gene transcription after enhanced secretion of the peptide from hypothalamic nerve terminals, as found in the mature rodent. 18 However, in contrast to the situation in the adult where repeated stress further augmented hypothalamic CRH levels, recurrent cold stress in the immature (10-day-old) rat resulted in PVN CRH expression levels that resembled those of unstressed controls (Figure 2 ). The mechanisms for this age-specific effect of recurrent stress are not fully resolved. Negative feedback via glucocorticoids, 60 released upon the first stress, should suppress CRH expression (see above). It may well be that this feedback is more robust in the infant rat compared with the adult. 17, 61 What are the mechanisms, at the circuit, cellular and molecular levels, by which a single acute stress augments CRH expression in the hypothalamic PVN of the immature rat? Facilitatory input from ACe has been implicated in both mature 62 and developing rats. 63, 64 Immediate early gene analyses in adult and developing rat have shown that ACe neurons are rapidly activated by stressful stimuli. 29, 65 In addition, acute stress in the adult results in CRH release as well as upregulation of CRH mRNA expression in ACe. This upregulation is thought to be mediated by stress-induced glucocorticoids, [66] [67] [68] and a facilitatory action of glucocorticoids on CRH expression has also been shown in the 10-dayold rat. 69 These data suggest that a single acute stress activates CRH-expressing neurons in ACe, leading to a facilitatory input into CRH-expressing PVN neurons and resulting in enhanced CRH expression in this latter region. Indeed, in addition to production of immediate early genes, a single exposure to acute (cold) stress resulted in a trend toward increased expression of CRH mRNA in ACe of the 10-day-old rat, 26 and repeated stress resulted in a highly significant upregulation of CRH mRNA in this nucleus (Figure 3) .
Taken together, these data suggest the following scenario at the circuit level: a first acute stress elevates plasma glucocorticoids which promotes CRH expression in ACe. 66, 67, 69 This effect is more apparent following repeated stress and cumulatively more glucocorticoid production. Concurrently, upon repeated stress, enhanced glucocorticoid levels may act via local and/or hippocampal receptors to suppress CRH mRNA in the PVN of the more glucocorticoid-sensitive immature rat. This differential regulation of CRH expression in PVN and ACe by glucocorticoids can be biologically Molecular Psychiatry beneficial, because it provides a basis for adaptation while maintaining an organism's ability to respond to stress in the presence of elevated glucocorticoids. sequences. Thus, the ability to rapidly and precisely alter the expression of individual genes in response to environmental stimuli is believed to result from modulation of the interactions of these transcription factors with their corresponding DNA-regulatory elements.
70,71
The CRH gene promoter contains a cyclic AMP response element (CRE), that is bound by a complex of trans-activating factors including the CRE binding protein (CREB). This interaction has been shown to be involved in CRH transcriptional regulation. [72] [73] [74] In order to activate transcription of the CRH gene, CREB must be activated (phosphorylated), permitting its binding to the CRH promoter. 75, 76 Recent studies 77 have yielded evidence that CREbinding activity is present in the developing rat hypothalamus. Furthermore, CREB is likely to be the principal contributor to this CRE-binding activity since DNA binding is essentially blocked by an antiserum directed against CREB-1. In addition, gel shift and western blot methods have demonstrated that acute cold stress increased the levels of phosphorylated CREB (pCREB), as well as of CRE-related DNA binding capacity in anterior hypothalamic extracts of developing rat (Figure 4) . Since stress did not result in an increase in levels of total CREB, it is likely that stress acts via posttranslational mechanisms to activate existing CREB and increase CRE-binding capacity. 77 These data are further supported by immunocytochemical analyses showing that acute cold stress leads to phosphorylation of CREB in CRH-expressing medial parvocellular cell groups of PVN within two minutes, preceding the rapid activation of CRH gene transcription as measured by probes for the CRH heteronuclear RNA, the unedited RNA species. 78, 79 The results are consistent with pCREB induced transcription of the CRH gene in the developing rat, supporting the existence of this stressinduced mechanism which functions in adult PVN 80 already during the second postnatal week.
Selectivity and maternal influence on the stress response during early postnatal life
As discussed in the paragraphs above, information regarding acute age-appropriate stress may be conveyed through afferent pathways to hypothalamic PVN, and activate an efferent stress response arm consisting of both release of CRH and upregulation of the expression of this gene. However, whereas the presence of an intact and functional molecular stress response to select stressors throughout the first two postnatal weeks has been established, 8, 11, 12 attenuated hormonal responses to a large number of stressors have been described in the immature rat, leading to the term 'stress-hyporesponsive' period. More recent studies have begun to elucidate the complexity of the immature stress response (see Levine for a recent review 54 ), including the molecules and neuronal networks involved in the central regulation of these processes, the time frame of cellular and hormonal responses 12 and the age-dependent sensitivities to hormonal and neurotransmitter influences at the pituitary and adrenal levels. 81, 82 Importantly, these studies have begun to shed light on the profound effects of maternal input, including both sensory stimulation and feeding, on the nature, magnitude and time course of the neuroendocrine responses to stress. The paradigm of maternal separation, combined with selective re-introduction of defined elements of maternal input, has been highly useful to tease out the precise nature of maternallyderived stimuli. 46, 54, [81] [82] [83] [84] These studies demonstrated that maternal presence, providing sensory and nutritional input, influenced components of the HPA axis both at rest 46, 83 and in response to super-imposed stress. 12 Further, the direction (hypo-or hyper-activity) and level of modulatory changes were dependent on the timing and length of maternal absence, and of the specific maternal signals that were eliminated. 46 Much remained to be studied about the effects of maternal input on the developing HPA axis. For example, maternal separation has been reported to reduce PVN CRH mRNA levels, 83 or to not alter the levels of this transcript. 86 Thus, while maternal input clearly influences the stress-response early in life, the precise changes and the underlying mechanisms require further investigation.
Long-term consequences of early life stress
Stress early in life can alter gene expression within the brain, leading to permanent modification of the HPA axis. 24, 87 Later in life, these changes in the HPA axis result in abnormal molecular and hormonal responses to further stressful stimuli. 3, 24, 88 The mechanisms for these long-term effects of early-life stress are not well understood, but it is reasonable to assume that neonatal stressful signals would generate these effects via the activation of the molecular signaling processes that are 'normally' induced by stressful challenges in the immature central nervous system.
As discussed above, the propagation and integration of stress-signals and responses in the hypothalamic and limbic stress-circuit of the immature rat involve alterations in the release and synthesis of CRH. Indeed, recent studies have found significant long-term changes in the expression of CRH in regions critical for the regulation of the HPA tone and sensitivity to further stressors. Thus, rearing immature rats without any handling, considered mildly stressful, has led to enhancement of CRH expression in hypothalamus, 2 starting already on postnatal day 9. 24 In addition, CRH levels in limbic regions that regulate HPA function, eg, the hippocampus 23 have been found to be permanently upregulated after a stress-like manipulation during the second postnatal week. Administration of the stress mediator CRH directly into the CNS, reproducing the enhanced endogenous peptide levels found with stress, 68 led to dramatic and sustained increase in mRNA expression of CRH in hippocampus. 89 The expected effects of these enhanced CRH levels are further compounded by a concomitant increase in the CRH receptor CRF 1 . 89 These enhanced hippocampal levels of CRH as well as of the CRF 1 receptor persisted for at least 12 months, and may have significant implications for the human situation. Increased brain and cerebrospinal fluid levels of CRH have been found in individuals with affective disorders, particularly depression. [90] [91] [92] [93] Importantly, depression in the human may be a consequence of early life stress such as Molecular Psychiatry maternal neglect or child abuse. 3, 88 Thus, early life stress may lead to chronic, sustained alteration in the response to subsequent stressors (eg, in coping) via mechanisms which include permanent alteration of CRH expression in limbic regions that are involved in the regulation of the HPA. Further, CRH at multiple hypothalamic/limbic and perhaps brainstem sites may contribute to the mechanisms of neuroplasticity induced by early life stressful stimuli, to alter the neuroendocrine as well as the behavioral/affective stress responses permanently.
Summary
Stress during a 'neuroplastic' developmental period can alter the function of the HPA axis later in life. This has been demonstrated in rodents, non-human primates, and has been well described in humans who were neglected and abused as children. 2, 4, 94 Over the past decade, a great deal of progress has been made in the understanding of the roles of limbic and brainstem pathways in regulating the stress response. Central facilitatory and inhibitory inputs to the hypothalamic core of the HPA axis are crucial in regulating the response to stress both during development and adulthood. The characterization of CRH in the early '80s essentially revolutionized the investigation and the understanding of central mechanisms involved in regulating the acute and long-term effects of stress during development. CRH, in addition to acting as a neuroendocrine releasing factor for ACTH, plays an important role as a neuromodulator in brain regions involved in anxiety, mood and learning/memory. The long-term deleterious effects observed after early life stress may involve sustained alteration of CRH expression in these key limbic regions, resulting in dysfunction of the behavioral, molecular and neuroendocrine aspects of the responses to stress throughout life.
